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The use of (Ba,Sr)3BP3012:Eu** in the remote phosphor structure has been 
proposed and analysed to offer significant improvement to the lighting 
performance of the phosphor-converted white light emitting diode (LED). 
The phosphor emits green and blue spectra centred at 520 nm and 465 nm, 
respectively. Thus, the phosphor can compensate the blue and green light 


energy components in the white-light spectral band, helping to enhance the 


luminous efficiency and colour uniformity of the dual-layer remote phosphor 
Keywords: package. The increase in (Ba,Sr)3BP3012:Eu* however is not advantageous 

g i to the colour rendering index because of the lower red emission. The 
(Ba,Sr)3BP3012:Bu~* backscattered and  back-reflected lights are degraded when the 
Colour uniformity : (Ba,Sr)3BP3012:Eu** phosphor layer appears in the structure. The stable 
Luminescence efficiency chromaticity and luminous flux at good values are observed when 10% 
Remote phosphor structure weight percentage of (Ba,Sr)3BP3012:Eu”* is applied. 
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1. INTRODUCTION 

Solid state lighting solution has been developed recently, and among the light source utilized for 
solid-state application, light emitting diode (LED) is the most outstanding one [1]-[3]. Owning the features 
of long lasting, high resistance against heat and other weather condition, excellent brightness and cost- 
efficiency, LEDs are considered as the most potential for future lighting devices [4]-[6]. The phosphor- 
converted white LED package was first fabricated with yellow phosphor and a LED die using freely 
dispensing technique. The procedure was simple but the lighting performance this LED fabrication method 
was not satisfied. The high thermal quenching and low colour rendering quality were the noticeable 
drawbacks resulted from this combination. To enhance the colour performance of white lights for phosphor- 
converted white light-emitting diodes (WLED), figuring out the efficient phosphor that can boost the red, 
green and blue components, under the excitation source of near-UV or blue LED dies, has been drawing 
tremendous attention of researchers and manufacturers. Besides, the phosphor packaging design of the LED 
needs to be determined to avoid the degradation in phosphor stability due to high heat generation from the 
LED dies. In terms of limiting the heating influence on the phosphor material, the remote phosphor can 
acquire high efficiency owing to the distance inserted among the phosphor film and the LED dies. Besides, it 
is reported that remote phosphor layer can reduce the back-scattering effects on the optical properties of 
LEDs [7]-[9]. However, using just one layer of yellow phosphor YAG:Ce** did not successfully enrich the 
blue, green and red components. Therefore, using one more layer could enhance the missing colour emission 
to better the chromaticity and luminous flux. Hence, the selection of phosphor is crucial to the fabrication of 
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white LED structuring with two phosphor layers, or dual-layer remote phosphor LED package. The green 
phosphors that were usually studied for WLED are ZnS:Cu and SrGa2S4:Eu**. These phosphorus sulfides 
could be good for the advancement of dual-layer remote phosphor structure, however presented low 
resistance and high degradation against humidity, which probably lowers the lifespan of the LED devices 
[10], [11]. The alkali borate and phosphate group have been analysed and utilized widely in laser and 
nonlinear lighting applications. These phosphate materials were reported to have high quantum efficacy and 
high thermal stability, which made them a great host matrix for synthesizing the phosphor materials having 
high performance on WLED applications [12], [13]. Then the borophosphate group which combines both 
borates and phosphates has been noticed and researched intensively in over the last decade. In terms of 
investigating the luminous efficiency of borophosphates, the studies focused on doping them with rare-earth 
ions, especially the europium ions since they are the luminescence activators that can promote great 
chromatic saturation and high lumen output for white LED lights [14], [15]. In this study, the Eu?” ion-doped 
(Ba,Sr)3BP3012 is selected for the analysis of the optic enhancement of double-film distant phosphor LED 
structure. The chromaticity and luminous flux of the WLED using (Ba,Sr)3BP30,2:Eu”* phosphor layer are 
examined and demonstrated to provide more details on the lighting influences of different weight percentages 
of the green-blue emitting (Ba,Sr)3BP30)2:Eu”* phosphor. 


2. METHODS 
2.1. Green-blue emitting (Ba,Sr)3BP3012:Eu** phosphor preparation 

(Ba,Sr)3BP3012:Eu”* phosphor with green and blue emission was prepared vis a solid state reaction. 
The ingredients include powders of BaCO3, SrCO3, H3BO3 and NH4H2 POs, with the purity over 99%. After 
well-mixing these powders in the requisite proportions, sintering them in a furnace at 950 °C under the 
atmosphere of 15% H2/85% N2 for around 8 hours. Then, pulverizing the attained products and 
(Ba,Sr)3BP3012:Eu** phosphor is ready for further measurements. The X-ray diffractometer (Cu Ka = 1.5418 
A at 40 kV and 20 mA) was applied to provide the X-ray diffraction imaging on the crystal layout and phase 
purity characterizations of the preparative specimens of (Ba,Sr)3BP3012:Eu** phosphor. To calculate the 
photoluminescence of the phosphor, a spectrofluorometer of Spex Fluorolog-3, USA was utilized with two 
excitation monochromators and a 450 W Xeon arc lamp. Besides, the fluorescence of the phosphor samples 
was investigated with a photomultiplier perpendicular to the stimulation illumination. We detect the colour 
coordinates of the phosphor with the colour analyzer equipped with a detector (CCD) [16]. The 
measurements of colour rendering index and luminescence efficacy of the phosphor specimens were made at 
normal temperature, and attained with an EVERFINE integrating sphere. It was observed that the 
phosphor (Ba,Sr)3BP30,2:Eu** showed a broad excitation band (300-400 nm) matching the excitation 
wavelength of the near-UV LED dies. As a results, the bright green and bluish-white emission could be 
generated, depending on the doped concentration of the ion Eu?*. According to Blasse’s study on the energy 
transfer of the activator which is presented only on Z ion points, the crucial transfer distance Re can be 
expressed as [17]-[19]: 


Rex A 3V o (1) 


ATXcN 


in which, xc shows the crucial concentration, N indicates the Z ion numbers in the unit cell, and V presents the 
volume unite cell. It is noted that there is one activator ion per, volume, and the R- is relatively double the 
Cc 


radius of a sphere with this volume. Regarding to the luminescence intensity of the phosphor sample, the 
emission intensity on per activator concentration is calculated by (2). 


I k 
x 14897 (2) 

Here, J and x are the emission intensity and the concentration of ion activator, respectively. @ is 
respectively 6, 8, 10 for the interactions of dipole-dipole, dipole-quadrupole, quadrupole-quadrupole, while k 
and B are constant for each interaction. Obviously, on a log scale, the parameter //x depends greatly on x, 
which was slightly linear. Additionally, the slope (-6/3) was detected at about -1.92. Consequently, 8 can be 
computed to be 5.76, relatively equal to 6, indicating that the mechanism of Eu**-ion concentration 
quenching was controlled by the dipole-dipole interaction [10], [20]. The replacement of Sr?* cation to Ba” 
one was responsible for the strength enhancement of the crystal field, in connection with the reduction in 
bond length, whose relation can be demonstrated as [21], [22]. 
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D, shows the strength of crystal region, R indicates the centre ion-ligands bond lengthiness. 
According to this, the enhanced crystal field strength could lead to the red shift for Eu* ion state transition of 
5d > 4f. Besides, the blue shift in the emission of the phosphor can be demonstrated by the decreasing 
nephelanxetic effect of the Eu—O bonds occurring when the smaller Sr** alternates the Ba* cations [23], [24]. 


2.2. The simulation of double-film distant phosphor WLED structure 

Applying the lighting engineering software of LightTools version 9.0 and Monte Carlo method is 
essential to give highly accurate measurements, which helps to effectively simulate the WLED models for 
investigating the optical influences of (Ba,Sr)3BP3012:Eu** phosphor with tuneable colour emission of green 
and blue. The phosphor films are modelized with flat silicone layer. After designing the simulated WLED 
packages with the colour heats of 5,600 K and 8,500 K, the concentration of green-blue phosphor 
(Ba,Sr)3BP3012:Eu”* is adjusted in the range of 5-15 wt%. Depending on the added concentration of green- 
blue phosphor, the optical properties of the phosphor packages, including the efficiency in light scattering, 
absorption, transmission, and extraction, all of which greatly impact the chromaticity and luminescence 
performance of the generated white light of a LED. This can be also ascribed to the change in yellow-color 
phosphor YAG:Ce** concentration respectively to the increase of (Ba,Sr)3BP3012:Eu** percentage in the 
structure. The applied remote phosphor design is the dual-layer one because of its higher light efficiency, 
compared to the single-film remote phosphor package. Each phosphor layer is 0.08 mm thick and put above 
the nine blue LED chips. The set of nine LED chip are demonstrated in three parallel columns an embedded 
to the reflector cavity, as shown in Figure 1. The size parameters of a chip are 1.14 mm2 and 0.15 mm in its 
square base surface and height, respectively. In addition, each of them performs the illuminating power of 
1.16 W with the maximum wavelength of 453 nm. Besides, the measurements of the reflector in surface and 
bottom lengths and height are 9.85x8x2.07 mm. 


Figure 1. Picture of WLEDs 


3. RESULTS AND DISCUSSION 

When heightening the percentage of (Ba,Sr)3BP30,2:Eu?* phosphor in the LED structure, the 
lowered concentration of YAG:Ce** was observed. As illustrated in Figure 2, the concentration of YAG:Ce** 
phosphor decreased when higher(Ba,Sr)3BP3012:Eu** was presented. The reduction in yellow phosphor 
concentration could benefits the light output of the LED package by keeping the colour temperature at stable 
values (5,600 K and 8,500 K) and reducing the back-scattered and back-reflected lights, see Figure 2(a). 
Besides, high concentration of yellow YAG:Ce** was reported as one ofthe main causes of higher thermal 
generation of the phosphor layer, leading to the degradation in phosphor conversion efficiency, as shown in 
Figure 2(b). Since the yellow phosphor absorbed and converted a part blue lights from LED chips into yellow 
lights, high concentration of yellow phosphor YAG:Ce** probably decrease the colour rendering index (CRI) 
of the LED due to the yellow light dominating the blue light proportions. Therefore, maintaining lower 
yellow phosphor layer concentration could result in higher white-light quality of a phosphor-converted 
WLED. Hence, (Ba,Sr)3BP3012:Eu** can be a promising material for further development of the remote 
phosphor-converted WLED models. 
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Figure 2. The variation in phosphor concentration for the mean of the stable CCT: (a) 5,600 K and 
(b) 8,500 K 
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Figure 3. The emitting spectra of WLEDs as a function of (Ba,Sr)3BP3012:Eu** concentration: (a) 5,600 K 
and (b) 8,500 K 


The phosphor (Ba,Sr)3BP3012:Eu7*, when being applied to the dual-remote phosphor WLED 
package, considerably affected the spectral emission energy of the emitted white lights, see see Figure 3. 
Figure 3(a) clearly displayed this influence on the WLED with two CCTs of 5,600 K and 8,500 K. In 
particular, the addition of (Ba,Sr)3BP30,2:Eu** phosphor enhance the emission intensities at the blue and 
green wavelengths, see Figure 3(b). This implies that there are more blue and green lights generated and the 
combined with the converted yellow lights to form white lights with a more uniform colour distribution. 
Moreover, the blue-green spectral energy enhancement can be also attributed to the decline in yellow 
phosphor YAG:Ce** concentration, which offer the minimization to the backscattering effects to enhance the 
blue-light transmission. Meanwhile, the green light components are supplemented by the excited green 
emission region of the phosphor (Ba,Sr)3BP30)2:Eu**. In addition to that, this also implies the enhancement 
scattering ability of blue lights, contributing to growing the uniformity of angular white-light chromaticity. 
Plus, the upward trend in lighting performances of the dual-layer remote WLED is observed at both 5,600 K 
and 8,500 K correlated colour temperature, which indicates the possibility of using green-blue 
(Ba,Sr)3BP3012:Eu”* phosphor to accomplish the desired high homogeneity in chromatic property of remote 
phosphor packages operating at high CCTs. 

The lumen efficiency of WLED with (Ba,Sr)3BP3012:Eu* phosphor was further demonstrated in 
Figure 4. The more the weight percentage of the green phosphor increases, the higher the luminous intensity 
of the WLED can be obtained. When the concentration of the green-blue emitting phosphor was added up to 
15% wt., the luminous output of the dual-layer LED models reached the highest values, regardless of the 
green phosphor particle sizes and correlated colour temperatures, see Figure 4(a). Ascribing to the absorption 
characteristic of (Ba,Sr)3BP3012:Eu** phosphor, the blue light and yellow illumination released from the LED 
chip and YAG:Ce** phosphor layer are absorbed when reaching this green-blue phosphor layer. Then, these 
absorbed light by (Ba,Sr)3BP30,2:Eu** are converted to enrich blue and green peaks, leading to the balanced 
chromatic energy distribution in the spectral emission of the LED white lights, as shown in Figure 4(b). 
Therefore, the dual-layer remote LED package can achieve minimal colour-deviation values, or higher colour 
homogeneity, as shown in Figure 5. Both Figure 5(a) and Figure 5(b) presented the improvement in colour 
deviation features of the dual-layer structure in accordance with the increase of (Ba,Sr)3;BP3012:Eu?* 
phosphor concentration, which reinforces the benefits of using this phosphor to promote better optical 
performances of remote-phosphor WLEDs. 
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Figure 5. The color deviation of WLEDs as a function of (Ba,Sr);3BP3012:Eu** concentration: (a) 5,600 K and 
(b) 8,500 K 


In the lighting market, the color rendering index (CRI) is regarded as among the most critical 
decision variables whether the a light source’s hue faithfulness is high. The CRI test compares the color of an 
object revealed under an experimented light source with that of the reference one, usually the blackbody 
radiation. The higher the CRI that the light source gets, the higher the color accuracy becomes. Here, the 
increase of (Ba,Sr)3BP3012:Eu”* concentration is not advantageous to the CRI since there is a lack of red 
emission while the blue and green emissions increase, see Figure 6. As can be seen in Figure 6(a), the CRI of 
theWLEDs models was below 60 when the concentration of green phosphor (Ba,Sr)3BP302:Eu** reached 
15% wt. Thus, if the goal is to achieve high CRI, the concentration of this phosphor should be remained 
below 10% wt, see Figure 6(b). However, CRI is not the most optimal color assessment parameter because of 
its limited color samples (around 8 samples) for testing. Though high CRI is often accompanied with higher 
prices of LED devices in the market, it cannot assure that the color quality of this LED is superb. Therefore, 
the other color evaluating index has been taken into consideration, which is the color quality scale proposed 
by NIST research team. Their report demonstrated that, colour quality scale is a parameter that accesses the 
chromatic evaluation via three elements of CRI, colour coordinates and the visual preference of observers. 
Thus, acquiring high CQS is more challenging than attaining high CRI [25]. The increase of 
(Ba,Sr)3BP3012:Eu* concentration to 10% wt. can elevated the color quality scale of the dual-layer WLED 
structure, as can be observed in Figure 7. Specifically, in the structure with 5,600 K CCT, the rise in 
(Ba,Sr)3BP3012:Eu* concentration is not completely favoured by the CQS since the highest the CQS values 
were obtained at 5% wt, and gradually reduced with higher concentration of this green phosphor. On the 
other hand, at higher CCT of 8500 K, the growth in phosphor concentration of (Ba,Sr)3BP30,2:Eu”* layer did 
have positive effects on the CQS of the package, see Figure 7(a). When there was 10% wt. of 
(Ba,Sr)3BP3012:Eu*, the CQS was slightly enhance and stable at around more than 62. Thus, it is possible to 
achieve better colour rendering and uniformity of the WLED with dual-layer remote phosphor design by 
using 10% (Ba,Sr)3BP3012:Eu**, an vital information for manufacturers to consider in their production 
procedure, see Figure 7(b). 
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Figure 6. The color rendering index of WLEDs as a function of (Ba,Sr)3BP3012:Eu* concentration: 
(a) 5,600 K and (b) 8,500 K 
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Figure 7. The color quality scale of WLEDs as a function of (Ba,Sr)3BP3012:Eu** concentration: (a) 5,600 K 
and (b) 8,500 K 


4. CONCLUSION 

The effective phosphor offering green and blue emission, (Ba,Sr)3BP3012:Eu?* was prepared, 
characterized and analysed in this study. The impacts of this structure on the optical properties of 
chromaticity and illumination strength of the WLED with double-film distant phosphor package at 5600 K 
and 8500 K are the main topic. After conducting experiments and measurements, this green-blue emitting 
phosphor can be the potential for advanced WLED production in the future. The colour parameters, CQS and 
colour variances, of the LED is improved with the presence of (Ba,Sr)3BP3012:Eu”* phosphor, specifically 
used at 10% wt. On the other hand, the high concentration of (Ba,Sr);BP3012:Eu”* relatively has negative 
effects on the CRI since the red emission peak is shortage while the blue and green lights components are 
enhanced. This case leads to colour imbalance and light loss in the LED model. Besides, the increase of 
(Ba,Sr)3BP3012:Eu* amount is noticeably. 
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